Abstract: Minimal change disease (MCD) can be experimentally induced in rats, but spontaneous cases have not been reported. Herein, we present a case of MCD in rats that resembled the phenotypes of human MCD. A 9-week-old male Sprague Dawley rat developed continuous albuminuria for 2 weeks and was sacrificed at 11 weeks of age. Histological testing revealed no glomerular or renal tubular abnormalities on light microscopy. Immunofluorescence revealed absence of immunoglobulin G or immunoglobulin M deposition in the glomerulus. Extensive foot process effacement of glomerular podocytes was observed by electron microscopy, with rearrangement of the actin cytoskeleton at the base of the fused foot processes. The rat did not show desmin-positive podocytes, and the nephrin showed a normal liner pattern of distribution along the glomerular capillary loop throughout the glomeruli. These pathological characteristics corresponded to those of human MCD, and the glomerular lesion was considered a rare case of rat MCD.
Minimal change disease (MCD) is a steroid-sensitive idiopathic glomerulopathy that is common in young children 1, 2 . The clinical manifestation is characterized by highly selective proteinuria comprised largely of albumin rather than larger molecules such as immunoglobulins (Igs), without altered serum component levels 1, 3, 4 . On light microscopy, no glomerular abnormality is seen, and tubular or interstitial pathologic lesions are not prominent features in MCD. Immunofluorescence studies have reported that Igs were absent from the glomeruli 1, 5 . The only consistent pathologic characteristic in MCD is the change in glomerular podocytes seen as extensive foot process effacement on electron microscopy. Other changes in the podocytes include hypertrophy of the cells, microvillous transformation, and formation of vacuoles 1, 6 . The glomerular basement membrane (GBM), mesangial cells, and the endothelial cells remain normal. In rats, puromycin aminonucleoside nephrosis (PAN) could be used as a model of MCD [7] [8] [9] , but spontaneous cases have not been reported to our knowledge. In this report, we describe a typical case of spontaneous MCD in a Sprague Dawley (SD) rat.
An 8-week-old male Crl:CD (SD) rat was purchased from Charles River Laboratories Japan (Kanagawa, Japan). This animal was used in a study we conducted to collect background data for urinary biomarkers in SD rats (n=40). The study was approved by the Ethics Review Committee for Animal Experimentation of Daiichi Sankyo Co., Ltd. (Tokyo, Japan) and performed in accordance with the guidelines of the Animal Care and Use Committee of Daiichi Sankyo Co., Ltd. The animal was housed in an individual cage in an animal study room with a controlled temperature of 20 to 26°C, humidity of 30 to 70%, and a 12-h light (150 to 300 lux) and 12-h dark cycle. A certified pellet diet (CRF-1, Oriental Yeast Co., Ltd., Tokyo, Japan) and tap water were provided to the animal ad libitum. At 9 and 11 weeks of age, the rat was placed in a metabolic cage, and 24-h urine samples were collected, which were stored at −80°C until analyses were performed. Kidney injury marker-1 (KIM-1), albumin, osteopontin, neutrophil gelatinase-associated lipocalin (NGAL), and clusterin were measured using a Kidney Injury Panel 1 Rat Kit (Meso Scale Diagnostics, LLC., Rockville, MD, USA) and Rat Clusterin Kit (Meso Scale Diagnostics, LLC) according to the manufacturer's protocol. Creatinine (CRE), alkaline phosphatase (ALP), lactate dehydrogenase (LD), γ-glutamyltransferase (γGT), glucose, urea nitrogen (UN), calcium (Ca), inorganic phosphorus (IP), sodium (Na), potassium (K), and chlorine (Cl) were also measured by TBA-2000FR chemistry analyzer (Toshiba Medical Systems Corporation, Tochigi, Japan). All urinary parameters were calculated and described in terms of the creatinine ratio.
The rat was euthanized by exsanguination under iso-flurane anesthesia. At necropsy, no significant gross lesions were found in any organs including the kidneys. The kidneys were fixed in 10% neutral-buffered formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin (HE), periodic acid-Schiff (PAS), periodic acid methenamine silver (PAM), and Masson's trichrome staining.
For immunofluorescence or immunohistochemical analysis of the kidney, following incubation of the sections with 4% Block Ace TM (Snow Brand Products Co., Ltd., Sapporo, Japan) or Protein Block Serum (Dako, Agilent Biotechnology, Inc., Santa Clara, CA, USA), dewaxed sections were incubated with the antibodies summarized in Table 1 . FITC-conjugated anti-rat IgG and IgM were detected by direct immunofluorescence and others were detected by indirect methods. For anti-desmin antibody, immunohistochemical staining was performed using the immunoenzyme polymer method. Peroxidase-conjugated anti-mouse IgG (Histofine Simple Stain Rat MAX-PO (M), Nichirei Biosciences Inc., Tokyo, Japan) was used as the secondary antibody. After immunoreaction, the section was stained with diaminobenzidine and counterstained with Mayer's hematoxylin. For anti-nephrin antibody, Alexa Fluor® 488-preadsorbed goat anti-mouse IgG H&L (Abcam, Cambridge, UK) was used as the secondary antibody. Fluorescence was analyzed using a BZ-X700 microscope (Keyence Corporation, Osaka, Japan).
Portions of the formalin-fixed tissue specimens from the kidney sample were cut into cubes of 1 mm 3 , refixed in 2.5% glutaraldehyde, and postfixed in 1% OsO 4 for 2 h. These specimens were then dehydrated through ascending grades of alcohol and embedded in epoxy resin. Ultrathin sections were double-stained with uranyl acetate and lead citrate and examined using an H-7500 transmission electron microscope (Hitachi High-Technologies Corporation, Tokyo, Japan) at 80 kV. Moderate albuminuria was apparent from 9 weeks of age, and the urinary albumin level further increased at 11 weeks of age ( Fig. 1B ; 85.9 and 246.3 mg/g·CRE at 9 and 11 weeks of age, respectively). At 11 weeks of age, the level was approximately 16 times higher than the normal average value of SD rats at our laboratory (14.9 ± 5.5 mg/g·CRE; n=39). Other urinary biomarkers, such as KIM-1, osteopontin, NGAL, and clusterin, and urinary biochemical values did not show significant changes at both 9 and 11 weeks of age (osteopontin was below the limit of quantitation).
Light microscopy showed no abnormalities in the kidney, including the glomeruli, on HE (Fig. 2) , PAS (Fig. 3) , PAM, and Masson's trichrome staining. On immunofluorescence staining, IgG and IgM were not observed in the glomeruli. Desmin-positive podocytes were also not observed. Nephrin showed a liner pattern of distribution along the glomerular capillary loop in the entire glomeruli without a discontinuous or punctuated pattern (Fig. 4) . Electron microscopy revealed extensive foot process effacement of the glomerular podocytes (Fig. 5A) . The slit pore, which is situ- ated between the foot processes, was narrowed, and the formation of surface microvilli was observed. Rearrangement on the actin cytoskeleton was prominent at the base of fused foot processes (Fig. 5B) . The GBM, mesangial cells and matrix, and endothelial cells showed normal morphology. Chronic progressive nephropathy of the rats is an important differential diagnosis for this case. The rat commonly develops chronic progressive nephropathy at an early stage from 2 months of age, which is characterized by an increased mesangium and thickened basement membrane of the glomerular capillary loops and Bowman's capsules 11, 12 . The International Harmonization of Nomenclature Diagnosis Criteria (INHAND) describes several types of glomerular lesions, such as mesangioproliferative glomerulopathy and glomerulosclerosis, which are easily detected by light microscope 13 . The histopathological characterization of this case was consistent with that of human MCD and resembled rat PAN. (1) Continuous albuminuria, (2) no abnormalities in light microscopy, and (3) extensive foot process effacement of glomerular podocytes in electron microscopy were the primary characteristics of this SD rat case.
The most commonly used model of MCD is the PAN model in rats, which is induced by a single administration of puromycin aminonucleoside (PA) [7] [8] [9] . Glomerular podocytes are the primary target of PA-induced injury, and thus, the PAN rat model reveals podocyte injury such as foot process effacement, narrowing of the slit pore, absence of the slit diaphragm, and rearrangement of the cytoskeleton at the base of fused foot processes by electron microscopy, all of which result in proteinuria 8, 14 . Although these rats develop proteinuria and exhibit the classic morphological features, their manifestations differ from human patients with MCD in certain ways. Indeed, their proteinuria might be nonselective and only partially steroid-sensitive 9 . This suggests that the PAN is comprised of a combination of steroid-sensitive and steroid-resistant pathways. In addition, accompanied by the development of podocyte injury, segmental mesangial cell proliferation and expansion of the mesangial matrix, adhesion of the glomerular capillary loop to the Bowman's capsule, and segmental collapse of the glomerular tuft are occasionally observed by light microscopy 8 . PAN rats with these advanced lesions at the glomerulus might progress to steroid-resistant focal segmental glomerulosclerosis (FSGS), as seen in a repeated administration model of PA 7, 8 . Although the susceptibility of the present study's SD rat to steroids was unclear, no morphological changes were able to be detected by light microscopy, which indicated that the present case resembled human MCD rather than an advanced glomerular lesion leading to FSGS.
Nephrin is the central component of the slit diaphragm that plays a crucial role in the glomerular filtration barrier. Decreased nephrin levels have a significant impact on the development of proteinuria, which is also reported in PAN rats 15, 16 . However, despite the absence of a slit diaphragm, nephrin expression is retained in human MCD 17, 18 . This is one of the remarkable differences between human MCD and rat PAN. The SD rat in this report showed retention of nephrin expression, suggesting that this spontaneous case was much closer to human MCD as opposed to rat PAN. Antinephrin antibodies are known to have two types, one directed against the intracellular (C-terminal) domain and one directed against the extracellular (N-terminal) domain. Patrakka et al. reported that both types of antibodies showed retained expression of nephrin in human MCD 18 . The anti-nephrin antibody (G-8) used in this study was directed against the extracellular (N-terminal) domain of nephrin and did not show absence of nephrin as in human MCD. Therefore, further investigation using a number of spontaneous MCD cases in rats is necessary to clarify the behavior of nephrin expression in rat MCD. Desmin is known as a conventional marker of podocyte injury in rodents, and it is reported to be upregulated in many cases of glomerular disease including rat PAN 19, 20 . In humans, desmin expression in podocytes is also upregulated in glomerular disease, such as membranous nephropathy, but is not upregulated in MCD 21 . In the present case, desmin expression in podocytes was not observed, as in human MCD, which also supports that our case being much closer to human MCD rather than rat PAN.
In contrast to urinary albumin, the urinary KIM-1, osteopontin, NGAL, and the clusterin levels, which are renal tubule injury markers, did not show any significant changes in this study. Tonomura et al. reported that, unlike KIM-1 and clusterin, urinary NGAL increased along with elevated albumin without renal tubule injury in rat PAN 22 . In their case, it was suggested that the increase in urinary NGAL level was caused by a decrease in megalin, a receptor of NGAL that is highly expressed in the brush border of the proximal tubule. Administration of PAN to rats causes a decrease in megalin expression in the proximal tubule 23 ; therefore, the elevation of urinary NGAL might reflect functional changes in the proximal tubule in rat PAN. Although a small number of relapses are reported in steroid-resistant cases, human MCD usually shows a favorable prognosis, including spontaneous remission 1, 24 . Rat PAN induced by a single administration of PA is also reversible and is associated with the absence of proteinuria and histological recovery of the glomerular lesions at 28 days and 18 weeks after administration, respectively 7, 25 . In toxicological studies, the development of albuminuria that is not accompanied by any changes on light microscopy is rarely observed in untreated control rats (data not shown). The frequency of glomerular lesions in SD rats, similar to that in human MCD, is unclear, though a certain proportion of these lesions may be misrecognized in toxicological studies. In cases of rat albuminuria without histopathological changes on light microscopy, human MCD-like disease should be included in the differential diagnosis of rat glomerular lesions.
Disclosure of Potential Conflicts of Interest: None. 5 . Electron micrograph of a glomerulus of the male Sprague Dawley rat with minimal change disease. This rat showed extensive foot process effacement of the podocytes (a; Bar = 50 nm). The slit pore, which is situated between the foot processes, is narrowed, and rearrangement of the actin cytoskeleton (arrows) is observed in fused foot processes in the podocyte (b; Bar = 50 nm). Ep, glomerular epithelial cell (podocyte); En, endothelial cell.
